Abstract-Permanent magnet (PM) magnetization state estimation is important for torque control/monitoring in conventional permanent magnet synchronous machine (PMSM), e.g. interior PMSM (IPMSM) and surface PMSM (SPMSM). Furthermore, this can be critical for variable flux machines (VFM) or spoketype ferrite magnet motors (STFMM). PM magnetization state can change during normal operation of the machine, either due to changes of the controlled variables (e.g. d-axis current) or due to environmental factors (e.g. temperature). PM magnetization state can be measured or estimated. Measurement of the magnetization state is not easy once the machine is assembled, its estimation being therefore a more viable option. Estimation methods can be divided into back-EMF methods, pulse injection methods and high frequency signal injection methods. BEMF and pulse injection based methods require that the machine is rotating. On the contrary, high frequency signal injection methods can be used at any speed, including standstill. Use of high frequency signal injection methods with NdFeB magnets has already been proposed. However, these methods have not been extended to other magnet types, e.g. SmCo and ferrite magnets. This paper analyzes the use of a high frequency signal injection based method for PM magnetization estimation in SmCo and ferrite magnets. These type of magnets can be found in new machine designs, including VFMs and STFMMs. 1 Index Terms -high frequency signal injection, permanent magnet magnetization state estimation, permanent magnet synchronous machines, variable flux machines.
I. INTRODUCTION
A variety of PMs have been used in electric machines, including Alnico, ferrite, SmCo and NdFeB. Although NdFeB rare earth permanent magnets are currently the primary option in high performance PMSMs [1] [2] [3] [4] [5] [6] [7] , applications equipped with SmCo [8] [9] , AlNiCo magnets [10] [11] [12] and ferrite magnets [13] [14] [15] can also be found. More precisely, ferrite [6, 7] , SmCo [8] [9] or AlNiCo magnets combined with NdFeB magnets [10] [11] [12] are commonly used in VFMs [8] [9] . Ferrite magnets are often used in low cost applications including domestic appliances, and STFMM for general purpose applications, with the goal of reducing cost (see Table I [16]) and the dependence on rare earth materials, at the price of a decrease of the machine performance. It is noted however that PM machines using ferrite magnets still provide higher performance than induction and synchronous reluctance motors. PM magnetization state can vary during the normal operation of the machine due to the injection of d-and/or qaxis current and the temperature variation [19] .
In most PMSMs, the d-axis current is used to weaken the PM flux [6] [7] , allowing constant power operation above base speed in SPMSM, IPMSM and STFMM, as well as to realize MTPA or other optimization strategies with IPMSM [1] and STFMM [10] . In addition, d-axis current is also used to permanently change the PM flux in VFM [8, 9] .
PM magnetization state of ferrite, Alnico, SmCo and NdFeB also changes with temperature, due to the change of the PM remanent flux [17] . Table I shows typical values of the PM thermal remanent flux coefficient, α B , which is defined as the rate of PM remanent flux variation with temperature [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The coefficient α B is observed to vary significantly for different materials, PM field typically decreasing as the temperature increases [29] . Furthermore, even for the case of machines with identical design, assembling tolerances and minor differences in the magnet geometries and alloys may affect the machine magnetization state [31] .
PM magnetization state estimation in PMSMs can be important for precise torque control and magnet state monitoring purposes of PM machine designs, including IPMSM, SPMSM, VFM or STFMM.
While in some applications, a rough estimation of the magnetization state can be acceptable, e.g. in classical IPMSM and SPMSM, in applications using VFM or STFMM where the PMs are magnetized/demagnetized during normal machine operation, magnetization state estimation can be critical.
PM magnetization state can be measured or estimated. Measuring the magnetization state once the machine is assembled is not easy. In SPMSMs, the PM field can be measured by inserting a magnetometer in the airgap, however the machine end frame needs to be removed or alternatively drilled to insert the field sensor. In both cases the machine cannot be rotating, measurement during normal operation of the machine not being therefore possible. On the other hand, and to the best of authors' knowledge, no on-line PM field Instead of PM field measurement, estimation methods can be used. PM magnetization state estimation methods can be divided into BEMF [13] , pulse injection [20] and high frequency signal injection based methods [21] . BEMF and pulse injection methods estimate the PM magnetization state from the stator flux linkage; both methods require the machine to be rotating, estimation at standstill being therefore not possible. High frequency signal injection based methods estimate the PM magnetization state from the PM electrical high frequency resistance, which changes with the magnetization state due to the magnetoresistive effect [22] [23] [24] [25] [26] . This method can be used over the whole speed range, including standstill. Magnetization state estimation using the magnetoresistive effect in PMSM using non-segmented NdFeB magnets has been reported in [21] . Although SmCo or ferrite magnets are commonly used in i.e. VFMs and STFMM, extension of the method to these magnet types remains unstudied.
This paper analyzes the magnetoresistive effect in SmCo and ferrite magnets. The study will also include segmented magnets, due to their importance for high speed machines [27] , including electric vehicles [10] . Comparative analysis among the magnetoresistive properties of NdFeB, SmCo and ferrite magnets is also included.
The paper is organized as follows: physical principles of magnetoresistance effect in permanent magnets are presented in section II; the experimental setup used for magnetoresistance effect evaluation is presented in section III. High frequency signal injection for PM magnetization state estimation is presented in section IV, while experimental results are provided in section V. Finally the equivalence between the experimental setup for magnetoresistance effect evaluation and a PMSM is provided in section VI.
II. MAGNETORESISTIVE EFFECT IN PMS
Magnetoresistance is defined as the change of the material electrical resistance when an external field is applied [26] . For large electrical resistance variation (>10%) this effect is called giant magnetoresistance (GMR) [24, 25] . Magnetoresistance was initially discovered in thin-film structures alternating ferromagnetic and non-magnetic conductive layers. The effect was later also found in granular NdFeB magnets [24, 25] . This effect enables therefore NdFeB magnets to be used as a sensor that converts magnetic field changes into electrical resistance changes.
Changes of PM electrical resistance can be estimated from the induced magnet eddy currents when an alternating magnetic field is applied to the PM [21] . The angle of the magnet surface, , respect to the external magnetic field vector (B ext ) will determine the relationship between the resistivity variation and the external magnetic field variation [26] (see Fig. 1 ). For the particular case of a PMSM, the eddy current vector can be assumed to be perpendicular to the electromagnetic field produced by the stator windings (see Fig.  2 ), the change of the material electrical resistivity due to the external magnetic field being therefore maximum, even with skewed machines.
In addition to the magnetoresistance effect, the PM electrical resistance also changes with temperature [21] . Both effects can be combined, the PM electrical resistance being expressed as (1) [21] , where R (T 0 ,B r −ini ) is the resistance at room temperature, T 0 , B r-ini is the initial remanent PM flux, β is the coefficient that links the PM field variation and the resistance variation and α mag is the permanent magnet thermal resisitive coefficient. 
III. EXPERIMENTAL SETUP FOR MEASUREMENT OF MAGNETORESISTANCE EFFECT
Measurement of the magnetoresistive effect in the magnets of a PMSM is not easy due to the large number of design parameters that can affect the results [21] , both in the stator (e.g. stator teeth shape, number of stator slots, number of poles,...) and rotor (rotor geometry, number of PMs layers, PMs shape and size, flux barriers,... ).
It is therefore advantageous to evaluate the magnetoresistive effect in the PM before it is mounted in the machine, provided that the conclusions remain valid for the PMSM case. The system shown in Fig. 3a has been developed for this purpose. It consists of a core made of iron powder blocks (BK8320-26 and CK2020-26, μ r =26) [25] . Two different coils will be used: a 490 turns coil for magnet disks evaluation and a two series connected coils (335 turns) for segmented magnets evaluation. The dimensions of the magnet and the central column of the core perfectly match with each other (see Fig. 3b ), minimizing therefore the flux leakage.
It is noted that in the platform shown in Fig. 3a , the applied external field is perpendicular to the eddy current vector and there is no airgap between the core and the magnet (see Fig.  3b ). On the contrary, PMSM present an air-gap between stator and rotor. Consequently, the setup in Fig 3 will have a reduced equivalent reluctance, enhancing therefore the magnetoresistive effect.
The high frequency equivalent circuit of the platform shown in Fig. 3 is given in Fig. 4 can be safely neglected due to the reduced eddy currents induced in the iron powder core [21] .
The high frequency model of the experimental setup, see Fig. 4 , is represented by (2)-(3), which corresponds to the transformer based model in Fig. 4 . The secondary high frequency current (4) can be obtained from (3). Combining (4) and (2), (5)- (6) are obtained, the high frequency impedance being (7), its real component being (8) . Assuming that the eddy currents are typically limited by the material resistance (i.e. R hfs >> hfs L ), (9) 
IV. HIGH FREQUENCY SIGNAL INJECTION FOR PM MAGNETIZATION STATE ESTIMATION
Injection of a periodic high frequency signal has been shown to be a viable option for magnet high frequency resistance estimation [21] .
Choosing the magnitude of the high frequency signal involves a tradeoff between the signal-tonoise ratio and induced magnet losses; lager magnitudes result in larger losses due to eddy current. However, it also increases the signal-to-noise ratio, which is advantageous for the practical implementation of the method.
Choosing the frequency of the high frequency signal involves a tradeoff between the induced power losses and skin effect consideration. Induced magnet power losses can be expressed as (11) , where B m is the flux density, f hf is the frequency of the injected signal, ρ is the resistivity of the magnet and K e is a constant which depends on material size. It is observed from (11) that the losses are proportional to the square of the frequency of the injected signal and to the flux density. Skin depth can be calculated using (12) , where δ is the skin depth, and µ 0 and µ r are the magnetic permeability of the air and the magnet respectively. Generally speaking, the skin depth should be larger than the magnet height, otherwise there will be a loss in magnetoresistance sensitivity, as the eddy currents will only flow over a portion of the magnet height equal to the skin depth. The maximum frequency of the injected signal, f hf_max , can be calculated using (13) , and occurs when the skin depth is equal to the magnet height. f hf _ max = 2ρ 2πδ 2 μ 0 μ r (13) Table II shows the magnet parameters and the maximum frequency of high frequency signal that will be used for the NdFeB, SmCo and ferrite disks to analyze (see Fig. 5 ). 
V. EXPERIMENTAL RESULTS
Experiments were conducted using the geometry shown in Fig. 3 . The coil is fed from an H-bridge (see Fig. 7 ). Table III shows the coil and H-bridge main characteristics. Demagnetized and magnetized magnet samples (disks and segmented magnets) have been tested. 
a. Magnetoresistance of the coil and core
Prior to the analysis of the magnetoresistive effect of the magnets, measurement of the magnetoresistance effect in the experimental coil and core is needed to further decouple these effects from the measurements. The total resistances seen from the coil terminals include coil, core and magnet resistance (see Fig. 4 ). Fig. 8 shows the measured high frequency resistances for the coil and the core. The coil high frequency resistance was measured by applying a high frequency voltage to the coil previous to the insertion of the coil in the core (i.e. air core coil). For the estimation of the core high frequency resistance, a high frequency voltage was applied to the coil terminals with the coil being mounted in the core as shown in Fig. 3 . No magnet was inserted in the airgap in this case (see Fig. 9a ). The H-Bridge is used to apply the coil a DC voltage and a high frequency voltage simultaneously. The DC voltage controls the DC current needed to change the magnetic flux density; the high frequency AC voltage, which is superposed on the DC voltage, is used for coil and core high frequency resistance estimation. It is observed from Fig. 8 that the coil with air core presents an almost constant high frequency resistance as the magnetic flux density changes, i.e. magnetoresistive effect being negligible. On the other hand, the high frequency resistance of the core slightly changes with the magnetic field, meaning that core presents relatively small magnetoresistive effect. However, this effect will be shown to be negligible when compared with the magnetoresistive effect in NdFeB magnets.
The magnetic flux density created by the injected DC current is measured by a Hall-effect mono-crystal gallium arsenide (GaAs) sensor [30] . Its measuring range is 0-3T. This is larger than the fields produced in the experimental setup and in PMSMs, which typically is in a range of 0-1.8T. Its maximum operating temperature being 125ºC. Location of the field sensor is shown in Fig. 9 . 
b. Magnetoresistance effect in demagnetized samples
This subsection analyzes the magnetoresistance effect in demagnetized magnet samples. The demagnetized PMs are inserted in the core as shown in Fig. 3 and 9b . NdFeB, SmCo and ferrite magnet disks will be evaluated (see Fig. 5 ). The magnets were initially fully demagnetized. Fig. 10 shows the reflected magnet high frequency resistance of ferrite, NdFeB and SmCo disks. As for the experimental results of the core and coil magnetoresistance effect evaluation, a DC current (needed to create the magnetic field) and a high frequency voltage (needed for high frequency resistance estimation) are injected simultaneously. The magnetic field is measured by the field sensor (see Fig. 9b ), the DC current being adjusted to produce the desired field. The core and coil high frequency resistances are decoupled from the overall estimated high frequency resistance, (8) , using the data shown in Fig. 8 .
It is observed that, for the three magnet materials, the reflected magnet high frequency resistance decreases as the magnetic flux density (i.e. magnetization state) increases. NdFeB magnet shows the largest resistance variation, which is due to its iron composition [24, 25] . SmCo and ferrite magnets show a significantly reduced magnetoresistive effect. These results demonstrate that the magnetoresistive effect exists in ferrite, NdFeB and SmCo magnets, and that the variation of the magnet high frequency resistance can be used for magnetization state estimation
c. Magnetoresistance effect in magnetized samples
This subsection analyzes the magnetoresistance effect in magnetized PMs. Fig. 11 shows the reflected magnet high frequency resistance of ferrite, NdFeB and SmCo disks. The PMs were initially magnetized to the following magnetization states. NdFeB: ≈0, 0.25, 0.5, 0.75, 0.95 and ≈1.2T which correspond to ≈0.2, 0.4, 0.6, 0.8 and 1pu ; SmCo: ≈0,0.2, 0.4, 0.8T, which correspond to ≈0, 0.25, 0.5 and 1pu; ferrite:0, 0.25 and 0.35T, which correspond to 0, ≈0.7 and 1pu. The magnets are magnetized using the pulse magnetizer, shown in Fig. 12 the magnetization circuit parameters are shown in Table IV . Once the samples are magnetized, they are inserted in the core shown in Fig 3 and 9b . No DC current is injected in this case, the magnetic field shown in Fig. 11 therefore being due exclusively to the PM field, i.e. remanent flux. A high frequency signal is applied to the coil terminals for magnet high frequency resistance estimation. Comparing Fig.   10 and Fig. 11 , similar tendencies for the demagnetized and magnetized samples are observed, the higher the magnetic flux density is, the lower is the reflected high frequency resistance. While magnetoresistance effect exists in all magnets, i.e. NdFeB, ferrite and SmCo, ferrite and SmCo are less sensitive to this effect than NdFeB, which is consistent with the experimental results obtained for the demagnetized samples shown in Fig. 10 . 
d. Magnetoresistance in magnetized samples combined with flux-weakening and flux-intensifying current
This subsection analyzes the magnetoresistance effect in magnetized PMs combined with flux-weakening and fluxintensifying current injection. A DC current is being injected to decrease (partially counteract), i.e. flux-weakening current, or increase, flux-intensifying current, the PM field. As in the previous cases a high frequency signal is superposed to the DC current for PM high frequency resistance estimation.
For each initial magnetization state, the PM flux is weakened or intensified by injecting a DC current. It is observed that in all cases, the estimated magnet high frequency resistance decreases as the injected DC current increases, i.e. the magnetic flux density increases. This result was not expected and is being studied at moment. It is also observed that the estimated high frequency resistance when the PM field is counteracted by the DC current (and the resulting overall field is therefore null, i.e. temporary demagnetization) and when magnet is permanently demagnetized and no DC current is injected (see Fig 11) is different. This suggests that the estimated high frequency resistance allows to distinguish permanent and temporary demagnetization. This is a very interesting feature from a fault monitoring perspective. This is a subject of ongoing research.
This result was not expected and is being studied at moment. It is also observed that the estimated high frequency resistance when the PM field is counteracted by the DC current (and the resulting overall field is therefore null, i.e. temporary demagnetization) and when magnet is permanently demagnetized and no DC current is injected (see Fig 11) is different. This suggests that the estimated high frequency resistance allows to distinguish permanent and temporary demagnetization. This is a very interesting feature from a fault monitoring perspective. This is a subject of ongoing research.
It is concluded from the experimental results shown in Fig. 13-15 that the magnetoresistive effect exists in NdFeB, SmCo and ferrite magnets and that it can be potentially used for magnetization state estimation. It is also observed that the magnetoresistive effect produces larger high frequency resistance variations in NdFeB magnets than in SmCo and ferrite magnets. Consequently, magnetization state estimation in machines equipping SmCo and ferrite magnets might be more sensitive to signal-to-noise issues, AD converters resolution limits, etc.
e. Magnetoresistance effect in segmented magnets
The same experiments as for the disks magnets have been carried out for segmented NdFeB and SmCo magnets, see Fig.  16 . Both isolated and non-isolated configurations have been used. Kapton tape (60µm) was used to isolate the magnets (Fig. 16) . Kapton tape Fig. 17 shows experimental results for NdFeB segmented magnets with and without isolation, for magnet thickness of 5mm and 2.5 mm respectively. The PMs were initially demagnetized, the magnetic field being then changed by means of a DC current. As in the previous experimental results, a high frequency signal is superposed to the DC current for PM high frequency resistance estimation.
It is observed from Fig. 17 that the reflected magnet high frequency resistance is reduced by ≈60-70% when the magnets are isolated. It is also observed that the reflected magnet high frequency resistance decreases with the magnet thickness decrease, what reduces the sensitivity to the magnetoresistance effect. A reduction of the reflected magnet high frequency resistance (10) , implies an increase of the actual magnet high frequency resistance, and consequently a reduction of the induced eddy currents in the magnets and of the induced losses. It is finally noted that for the segmented magnet case, the reflected magnet high frequency resistance is always smaller than for the magnet disk, even without insulation, see Figs. 10, 11 and 13. . 18 shows the same experimental results as in Fig. 17 for SmCo 5mm segmented magnets. Experimental results using SmCo 2.5mm thickness magnets were not feasible due to magnetization/demagnetization limitations using the experimental setup shown in Fig. 12 Equivalences between the experimental setup presented in the previous section and the PMSM model, as well as potential application of the results to the PMSM case, are presented in this section. Comparing the equivalent circuits of the experimental setup in Fig. 4 and the PMSM in Fig. 21 , the equivalence between both systems becomes evident. The only difference occurs in R dshfFE , R drhfFE and in for the two magnets (per pole pair) connected in series (i.e. two per pole-pair in the design shown in Fig. 2 ) in the rotor side of the PMSM. Table V summarizes the correspondence between the experimental setup and the PMSM. Consequently, the results and conclusions obtained from the experimental platform can be extrapolated to PMSMs [21] . It is finally noted that this method is especially interesting in applications using machines in which magnetization state can be changed during normal operation, i.e. VFMs or STFMMs, magnetization state estimation being therefore critical in these machine types.
VII. Conclusions
This paper presents a method to estimate the PM magnetization state, using the relationship between the PM electrical high frequency resistance and the PM magnetization state. The proposed method has been evaluated using NdFeB, SmCo and ferrite magnets, which are the most commonly used magnets in electrical machines.
Experimental verification has been conducted in an experimental setup using a simple geometry. This is advantageous for the analysis of the phenomena occurring in the magnet and the validation of the method. However, the equivalence between the experimental setup and the PMSM has been demonstrated, meaning the results from the experimental setup can be extrapolated to the PMSM case.
It has been concluded that the magnetoresistive can be used for magnetization state estimation in machines equipped with NdFeB, SmCo and ferrite magnets. It has also been shown that the estimated high frequency resistance can be potentially used to distinguish between permanent and temporal demagnetization, which is an important feature for fault prediction purposes.
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